Gas detection and gas sensing based on hollow core photonic bandgap fiber (HC-PBF) is a very promising technique due to the long interaction light-gas lengths that are achievable. However, long path-lengths also imply higher gas filling times of the hollow fiber and higher response times of the detection systems what can constitute a serious practical inconvenience. In this paper, the high sensitivity is maintained but the sensor response time is reduced by using multiplecoupling fiber gaps. The results and conclusions extracted from a systematic experimental study (comparing the spectra and filling time of different HC-PBF lengths and different number of coupling gaps) are presented and discussed. Finally, the maximum number of gaps allowed in the system is modelled.
INTRODUCTION
Gas monitoring is essential in many industrial, environmental and biomedical applications. Methane detection, in particular, is extremely important for safety and security reasons since it is an inflammable gas, with a lower explosive limit (LEL) of 5% methane in air. As a consequence, it is necessary to develop methane sensors to ensure that its concentration is below this safety limit.
Optical sensors are an attractive alternative for gas detection due to its high spectral resolution, precise gas species identification and possibility of remote measurements [1] . Photonic crystal fibers (PCF) [2] provide new properties that make them suitable for sensing applications [3] [4] [5] [6] . Specifically, hollow core photonic bandgap fibers (HC-PBF) [7] are very appropriate for gas sensing applications due to the high overlap achieved between the light and the gas confined in its core [3] . It has already been demonstrated the detection of methane concentration below the LEL using HC-PBFs [5, 6] . Therefore, weak absorption gases can be monitored with this technology because longer iteration lengths can be obtained. At the same time, sensors employing this technology become compact as the fiber can be coiled up. As the Beer-Lambert law states, longer interaction lengths give rise to higher absorption rates [1, 8] . However, the use of longer pathlengths with HC-PBFs yields to an increase of the diffusion time of the gas through the core of the fiber, thus increasing the response time of the sensor.
In order to reduce the response time of the sensor is therefore necessary to ensure fast gas diffusion inside the hollowcore. Several configurations can be envisaged to provide multiple access points for the gas to reach the hollow-core through the cladding. However, methods such as hole drilling produce an asymmetrical transverse disruption of the periodic cladding structure and require expensive materials to make the access points. Consequently, the filling process becomes more complex [9] [10] [11] . Multi-coupling gaps have been proposed as another alternative, being a very promising technique for a practical sensor implementation [12, 13] . However, sensors using this method have not been realized yet. In this paper, we demonstrate the application of a HC-PBF with multi-coupling gaps to the detection of methane.
EXPERIMENTAL SETUP
The gas in-diffusion into the hollow fiber was experimentally monitored measuring the spectral response evolution of different fiber lengths and different number of coupling gaps during the process. Then filling time for each case has been evaluated. The 1300-nm band of methane (ν 2 +2ν 3 ) has been chosen for the experiments. Although the 1300-nm band of methane is a weak absorption band, it corresponds to one of the telecommunication bands where the low attenuation of The HC-PBF used in the experiment was supplied by the Optoelectronics Research Centre from Southampton, and it is shown as an inset in Figure 1 . The fiber core diameter is 10 µm, which corresponds to seven missing unit cells from the holey region. The un-buffered overall fiber diameter is 185 µm. The normalized transmission of the HC-PBF is shown in Figure 1 . The fiber has a bandgap guidance of around 1220-1380 nm, with an estimated loss of 0.2 dB·m -1 in this wavelength range. This bandgap guidance makes this HC-PBF suitable for detecting methane at its ν 2 +2ν 3 band. The fiber was interrogated with a LED source (Agilent 83437A) and the spectral response was recorded with an OSA (Agilent 86142A). The fiber was placed between these two devices with different configurations (see Figure 2) . Firstly, measurements with the total length of the fiber (4.9 m) were realized as in configuration 1. The fiber was then half divided in two sections and measurements were repeated for one length section of 2.45 m (configuration 1) and for two sections of 2.45 m joined using the multiple-coupling gaps method (configuration 2). In a next step, these two sections were again half divided obtaining four HC-PBF sections of 1.225 m. In this case, measurements were repeated for a section (configuration 1) and for the four sections coupled using the multi-coupling method (configuration 3). In every configuration, each section has an open end and the other one is fused to a standard optical fibre (the splice attenuation was measured to be 1 dB). In this way, we ensure the gas diffuses through the fibers in the same way. V-grooves were used to couple the light between the open ends of the fiber sections. The aligned sections of HC-PBF were placed in a gas chamber in which a methane concentration of 18750 ppm (1.875 %) in air was introduced at a relative pressure of 1 bar. 
RESULTS
The comparison of the three different fiber lengths (4.9 m, 2.45 m and 1.225 m) for the one-section scheme (configuration 1 of Figure 2 ) was first evaluated. Figure 3(a) shows the measured spectra of methane in the 1300-nm band for the different HC-PBF lengths values. The stronger absorption line that can be seen in Figure 3(a) is the Qbranch, centered at 1331.55 nm. Figure 3(b) shows the transmission at the Q-branch as a function of time for the different HC-PBF lengths during the diffusion of methane into the fiber. The behaviour has been fitted with a double exponential equation. The fitting provides the time constant of this process, which is defined as the time value in which the transmittance reaches an steady state. We have chosen the time value in which the derivate of the curve fit is 0.005, i.e. the slope of the curve is almost zero. The obtained values for the time constant are 14.42, 5.68 and 2.87 minutes for the lengths of 4.9 m, 2.45 m and 1.225 m, respectively. As expected, longer path-lengths increase the absorbance but also the time needed for the gas to diffuse into the fiber. The filling time for the multiple-coupling gaps technique was then evaluated. This corresponds to configurations 2 and 3 in Figure 2 . Figure 4 shows the comparison of the methane absorption spectra and the filling times, in the cases in which the total length of the fibre is 4.9 m (1 section of 4.9 m, 2 sections of 2.45 m and 4 sections of 1.225 m). Although a small difference in the Q-branch transmittance of the spectrum can be observed (of around 0.05 dB, see inset of Figure 4 (a)), this may be due to noise. However, the transmission spectra for the three lengths is very similar. In Figure 4 (b), the measured values for the filling tine, as well as the double exponential fitting of the curves are shown. The time constant values, obtained using the same method described above, are 5.47 minutes for two sections of 2.45 m and 3.05 min for four sections of 1.225 m. If we compare these values with the time constants obtained in the one-section scheme (Figure 3(b) ), it can be observed that the diffusion time using multiple gaps corresponds to the time needed for the gas to diffuse into one sections of fiber. The results show that multiple-coupling gaps method substantially reduces the filling time while keeping the absorption value of the gas due to the total length of the HC-PBF. These results demonstrate the benefits of using HC-PBFs with multiple-coupling gaps for sensor applications.
Finally, an equation of the maximum number of gaps allowed in the system is obtained. We can generalized the equation proposed in reference 12 to the case of a remote sensing. In this way, including the losses due to the standard fibres and the splices, the following expression is obtained:
Where P out and P in are the powers at the output and the input of the system, respectively. α gas (C), α HC-PBF and α SMF are the attenuation coefficient as a function of the length due to the gas absorption, the HC-PBF and the SMFs, respectively. It is important to note that the gas attenuation coefficient depends on the gas concentration (C 
It is worth mentioning that any reduction in the system losses will increase the maximum number of gaps allowed, thus reducing the sensor response time. Furthermore, the attenuation coefficient of a standard telecommunication fiber is below 0.4 dB.km -1 for the 1300-nm band. Therefore, remote sensing capability is also provided without reducing significantly the maximum number of gaps in the system.
CONCLUSIONS
We have demonstrated a methane sensor based on multi-coupling gaps in HC-PBFs. Methane band at 1300-nm was chosen as it is in the second window of communication and there are many sources and detectors available. Multicoupling gaps in HC-PBFs have been proved to reduce the filling time while maintaining the absorption of the gas. Finally, an expression of the maximum number of gaps has been proposed. It is shown that minimum losses are needed in the system to increase the maximum number of gaps allowed and, therefore, reduce the response time. It can be concluded that with this method a suitable sensor to measure methane can be realized due to its sensibility and response time.
